Carbonized bacterial cellulose (CBC) nanofibre surfaces coated with polyaniline(PANI) were successfully designed and prepared via in-situ polymerization with different dopant acids (i.e., H3PO4 and TsOH). By combining the high-specific-area CBC nanofibres and conductive PANI, the CBC/PANI composite electrode exhibited greatly improved capacitive performance. The specific capacitance of CBC/PANI-T-0.5 reached 324.8 F/g at 1 A/g. Moreover, the as-assembled CBC/PANI-T-0.5//N, P-CBC asymmetric supercapacitor showed good capacitance, great rate performance and good long-term cycling performance, distinctly demonstrating that the CBC/PANI-T composite is a promising electrode material for supercapacitor devices.
INTRODUCTION
An electrochemical supercapacitor is a device that can quickly charge and discharge stored energy between a battery (having a high energy density) and a conventional capacitor (having a high output power) [1, 2] . Supercapacitors have broad application prospects in the fields of national defence, aerospace and portable communication equipment. According to different working mechanisms, supercapacitors are divided into two classes [3, 4] : electrochemical double-layer capacitors and pseudocapacitors. In an electric double-layer capacitor electric charges are stored by an electric double layer formed by ion adsorption-desorption on the surface of an electrode material and an electrolyte. Currently, graphene [5] [6] [7] , carbon nanotubes [8] [9] [10] and activated carbon [11, 12] are the most common carbon electrode materials with high specific surface areas. Pseudocapacitors mainly use redox reactions on the surface or in the bulk of the electrode materials, including conductive polymer [13] [14] [15] and transition metal oxides [16] [17] [18] [19] , to store energy.
Bacterial cellulose (BC) is a green, environmentally friendly and renewable biomass material with abundant sources, low preparation costs and a simple preparation process [20] . From the point of view of composition, it is a pure cellulose material, that does not contain pectin, lignin, hemicellulose or other plant components, so it does not need pretreatment or impurity removal. From the microstructure point of view, BC is composed of cellulose nanofibres with a diameter of 20~100 nm. It has a unique and complex three-dimensional porous network. In addition, BC also exhibits high hydrophilicity, excellent biocompatibility and non-toxicity. More importantly, the carbonized products prepared by high temperature pyrolysis of BC under the protection of an inert atmosphere can maintain an intact fibre structure and three-dimensional porous network of BC [21, 22] . This porous structure is beneficial to accelerate the entry of the electrolyte and the migration and diffusion of ions, so BC-based carbon materials have better electrochemical properties in the field of supercapacitors, as found in recent studies. However, carbonated bacterial cellulose is a double-layer capacitor material, which is limited in its practical application in supercapacitors because of its low specific capacitance and energy density.
Conductive polymers with a high specific capacitance,low cost, simple preparation and excellent chemical stability have received great attention [23] [24] [25] . The conductive polymers store energy by a redox reaction. When oxidation occurs, the doped ions migrate into the conductive polymer skeleton; when the reduction process occurs, the ions leave the conductive polymer skeleton and return to the electrolyte. The redox reaction occurs not only on the surface of the polymer but also in the interior. Although conductive polymers have many advantages, the doping/de-doping ions of the redox process may lead to the expansion and contraction of the polymer skeleton, causing deterioration of the polymer, thereby seriously affecting the cycle stability of the supercapacitor electrode materials. Carbon nanomaterials can support the conductive polymer, limit its expansion and contraction, and fully utilize the pseudocapacitance of the conductive polymers. The combination of conductive polymer and carbon nanomaterials can not only improve the conductivity, but also combine the advantages of the two materials, which can enhance the electrochemical performance of the composite due to the synergistic effect of the conductive polymer and carbon nanomaterials. Research on carbon nanotubes and conductive polyaniline composite supercapacitors has been reported in many studies [26] [27] [28] , but studies on the preparation of polyaniline and carbon nanofibre composite supercapacitors are still relatively rare.
In this study, CBC/PANI materials were successfully prepared by in-situ polymerization with different aqueous dopant acids (i.e., H3PO4 and TsOH), and named CBC/PANI-P and CBC/PANI-T composite, respectively. The CBC/PANI-T-0.5 electrode, exhibited a higt capacitance (324.8 F/g at 1A/g) in H2SO4. In addition, an asymmetric supercapacitor using a positive electrode based on this CBC/PANI-T-0.5 material exhibited good capacitance, a great rate performance and good long-term cycling performance.
EXPERIMENTAL

Materials
Bacterial cellulose (BC, 320 × 240 × 3 mm 3 ) was purchased from Hainan Yide Food Co. Ltd., China. Aniline (ANI), ammonium persulfate [(NH4)2S2O8, APS], and phosphoric acid (H3PO4) were all purchased from Tianjin Damao Chemical Reagent Company, China, and were of analytical grade. Ptoluene sulfonic acid (p-CH3C6H4SO3H, TsOH) was purchased from Tianjin Baishi Chemical Industry Co. Ltd., China., and was of analytical grade. All chemicals in this work were used directly without further purification.
Preparation of CBC Nanofibre
CBC nanofibres were prepared by the method described in our previous study [29] . In brief, BC was washed to neutral with deionized water, pre-frozen with liquid nitrogen (-196℃) for 30 min, and then freeze-dried at-50℃ for 24 h to obtain BC freeze-dried samples. These samples were placed in a tubular sintering furnace filled with N2 gas for pyrolysis. The pyrolysis heating procedure was as follows: it is first heated to 240℃ at a heating rate of 5°C/min and kept for 1 h; then the sample was heated from 240-400°C,at a slower heating rate of 0. 5°C/min. Finally, a heating rate of 5°C/min was used to reach 800°C and this temperature was maintained for 2 h. The carbonized bacterial cellulose was named CBC-800.
Preparation of CBC/PANI Composite
Polyaniline was synthesized through the oxidative polymerization method. In a typical synthesis, 30 mg CBC nanofibre powder was added to 30 mL TsOH aqueous solution (0.1 M) and dispersed by ultrasonication for 30 min. Then 150 μL aniline monomer was added into the above solution and stirred for 1 h to generate a homogeneous suspension. The next step wes oxidative polymerization of aniline monomers for which 10 mL TsOH aqueous solution (0.1 M) containing 375 mg APS was added dropwise at room temperature to synthesize polyaniline (PANI). The reaction was continued for 4 hours. After the reaction was completed, the solution was filtered to obtain the product, which was washed repeatedly with ethanol and deionized water. Then, the samples were dried at 60°C for 24 h to obtain a composite compositie of polyaniline covered in carbonize bacterial cellulose, which was named CBC/PANI-T-0.1 composite. Moreover, the dopant acid TsOH (0.1 M) was changed to H3PO4 (0.1 M) to acquire the corresponding composite, which was denoted as the CBC/PANI-P-0.1 composite. The rough synthesis process of the CBC/PANI composites is shown in Figure 1a .
In addition, the doping concentration of TsOH in CBC/PANI-T was adjusted in the experiment. Here, CBC/PANI-T-0.1, CBC/PANI-T-0.5, and CBC/PANI-T-1.0 were prepared with 0.1 M, 0.5 M and 1.0 M aqueous TsOH aqueou solution, respectively.
Materials Characterization
The morphology of CBC/PANI composites was investigated by field emission scanning electron microscopy (FESEM)( Ultra55, ZEISS). The phase structures of the samples were tested by an X-ray diffractometer (XRD)( Rigaku Ultima IV) with a Cu Kα radiation source(λ = 0.1542 nm) at 40 kV and 40 mA. The phase composition of the samples was analysed with Fourier transform infrared (FT-IR) spectrometry ( Vertex 70, Bruker) and thermogravimetric analysis (TGA)( TGA/DSC 3+, Mettler Toledo).
Electrochemical Measurement with a Three-Electrode System
All electrochemical performance tests were conducted on an electrochemistry workstation(Princeton P4000, USA) .Using a three-electrode cell with 6 M KOH electrolyte for testing, a Ag/AgCl electrode was used as the reference electrode and a Pt electrode was used as the counter electrode. The active material, acetylene black, and 5 wt% polytetrafluoroethylene were mixed at a mass ratio of 8:1:1 as the working electrode . Then,the mixture was coated on foamed nickel(1 cm × 1 cm) and dried overnight at 100 °C, and pressure applied to form a sheet. The amount of active material of the pre-tested electrodes was controlled at 1 ~ 2 mg.Cyclic voltammograms (CV) was measured at different scan rates over a range from -0.2 to 0.8 V. Galvanostatic charge-discharge (GCD) behaviour was investigated in a voltage window of 0 ~ 0.8 V, and the current density was set to 1~5 A/g. Electrochemical impedance spectroscopy (EIS) was performed in a frequency range of 10 mHz to 100 kHz and at applied an AC signal of 5 mV.
RESULTS AND DISCUSSION
After pyrolysis, CBCs nanofibres can maintain their original three-dimensional network structure. In Figure 1b , the CBC-800 sample is composed of numerous intertwined nanofibres with a relatively smooth, and the diameter of the fibres is approximately 20~50 nm. This 3D network structure is an ideal template that can be used for the growth of polyaniline. CBC/PANI-T-0.1 and CBC/PANI-P-0.1 composites consisting of nanosized fibres are shown in Figure  1c and d. The surface of the fibres became rough, and the diameter increased relative to that of the CBC-800 sample. It is clearly observed that the PANI nanoparticles adhere to the surface of the carbon nanofibres, which indicates that PANI has been successfully prepared and coated on the CBC nanofibres. From the SEM diagrams, it can also be found that the average fibre diameter of the CBC/PANI-T-0.1 composite (120 nm) is significantly larger than that of CBC/PANI-P-0.1 (70 nm). In the process of polymerization, the concentration of doped acid (TsOH and H3PO4) is the same (0.1 M); however, the ionic radius of the organic acid anion (CH3C6H4SO3 -) is much larger than that of the inorganic acid anion (such as PO4 3 -, H2PO4 and HPO4 2ions) [30] . Polyaniline with a rigid molecular chain structure is affected by steric hindrance. A larger ionic radius and a stronger steric effect can decrease the rate of polymerization and provide sufficient space to complete the nucleation and molecular chain growth of PANI.
The chemical bond structures and phases of different specimens were characterized via FT-IR and XRD techniques. As in the previous literature [29] , the CBC-800 sample possesses two broad diffraction peaks at 2θ = 24.7° and 43.5°, which correspond to the characteristic (002) and (101) peaks of carbon, confirming that the CBC-800 sample is an amorphous carbon material with a low degree of graphitization (Figure 2a ). Importantly, two relatively strong diffraction peaks observed at 2θ = 20.1° and 25° for the CBC/PANI-T-0.1 and CBC/PANI-P-0.1 composites (Figure 2a ) can be ascribed to the (020) and (200) crystal planes of PANI [31] , respectively, indicating that the pre-synthesized PANI molecular chain is partially crystallized. In addition, a broad peak at 43.5° was observed in the XRD patterns of the CBC/PANI-T-0.1 and CBC/PANI-P-0.1 composites (Figure 2a ), which proves that PANI has successfully grown on the surface of the CBC nanofibres. peaks of PANI [32] . The peaks at 1560 cm -1 and 1298 cm -1 are due to the stretching vibration of quinonoidal C=C and C-N bonds. The bands at 1467 cm -1 and 1116 cm -1 correspond to benzenoidal C=C and C=N stretching, respectively. The vibration at 827 cm -1 is attributable to the bending/benzene ring deformation of the functional group C-H. The IR results also verified that PANI had been successfully synthesized on the surface of CBC, which is consistent with the results of the XRD spectra. To compare the coating amount of PANI in CBC/PANI composites synthesized in various doped acids, the TGA curves of CBC-800, CBC/PANI-T-0.1 and CBC/PANI-P-0.1 samples are shown in Figure 3 . In the CBC-800 sample, there was no obvious weight loss before 700°C, indicating that after pyrolysis, the CBC-800 sample without any other impurities was completely carbonized. In the TGA curves of CBC/PANI-T-0.1 and CBC/PANI-P-0.1 composites, both show weight loss before 150°C, which was caused by the volatilization of water molecules in the samples when the samples are placed in air environment [33] . Due to the different kinds of doping acids, the thermal stabilities of the synthesized CBC/PANI composites were also different. The CBC/PANI-P-0.1 sample experienced a large amount of weight loss in the temperature range of 220~600°C, which was mainly caused by the oxidation and decomposition of the PANI polymer, and the weight loss rate was approximately 20 wt%was [34] . Additionally, the CBC/PANI-T-0.1 composite showed more weight loss of approximately 40 wt% in the temperature range between 285 and 600°C, which was mainly caused by the decomposition of p-benzenesulfonic acid ions and the oxidation and decomposition of polyaniline molecules. It can be observed from the TGA diagrams of the CBC/PANI composites that in the decomposition stage of 200~600°C, the initial decomposition temperature of the CBC/PANI-T-0.1 sample was higher, suggesting that the thermal stability of the CBC/PANI-T-0.1 composite prepared by organic acid is better than those of other samples. According to the analysis of thermal weight loss, the weight loss rate of CBC/PANI-T-0.1 was higher than those of other samples, which indicates that there are more PANI molecules coated on the CBC surface in the CBC/PANI-T-0.1 composite. The capacitance performance of CBC/PANI composites was tested with CV and GCD. The CV curve of the CBC-800 electrode measured at -0.2-0.8 V is shown in Figure 4 and shows an approximately rectangular shape, indicating favourable electric double-layer capacitance characteristics [35] . For CBC/PANI composites, the CV curve shape does not show an ideal rectangular shape of carbon electrode materials, but there is a broad peak, demonstrating that the capacitance can be attributed to the double-layer capacitance of CBC and the faradic pseudo-capacitance of PANI [34] . In Figure 4a , it can be noted that the CV curve area of CBC/PANI-T-0.1 is larger than that of CBC-800 and CBC/PANI-P-0.1 at the same scan rate, illustrating that the CBC/PANI-T-0.1 electrode possesses a higher specific capacitance. Compared with CBC-800 nanofibres derived from bacterial cellulose, the CBC/PANI composite exhibits greater capacitive performance because the double layer of CBC contains more active sites and the Faraday redox reaction occurs in the presence of PANI [36] . Among various CBC/PANI composite electrodes, the CBC/PANI-T-0.1 electrode exhibits superior capacitive characteristics, which is facilitated by the successful synthesis of PANI to provide rapid redox reactions, and the CBC three-dimensional network structure promotes rapid ion transport. Irregular cyclic voltammetry curves of the CBC/PANI-T-0.1 composite electrode (at 10, 20, 50, 100, and 200 mV/s) are displayed in Figure 4b . It can be clearly seen from Figure 4b that a larger scanning rate results in a larger integral area of the CV curve while maintaining the redox peak of the PANI, demonstrating the superior rate characteristics of the material.
The GCD curves of the CBC/PANI-T composite at 1~5 A/g are depicted in Figure 4c , displaying quasi-triangular shapes with a few deformations due to Faradic pseudo-capacitance based on the redox reaction of PANI during the charge-discharge process. In addition, the volume of the PANI polymer will increase and decrease during this process, which may lead to an increase in internal resistance. This is the reason for the voltage drop during discharge. As depicted in Figure 4d , compared to the three electrode materials, CBC/PANI-T-0.1 showed the best capacitive behaviour; CBC/PANI-T-0.1, CBC-800 and CBC/PANI-P-0.1 at 1A/g current density, had specific capacitances of 281.5 F/g, 78.3 F/g and 233F/g, respectively. In addition, comparing the capacitance behaviour of the CBC/PANI polymer in the cycle test, it was found that the CBC/PANI-T-0.1 electrode material retained 81.5% of the initial capacitance and that the CBC/PANI-P-0.1 electrode material retained only 77.7% at the high discharge current density of 5 A/g, most likely resulting from the 3D network structure of CBC nanofibres and the greater amount of PANI coating on the surface of CBC nanofibres, which can be beneficial for ion fast diffusion and transport, providing more active sites and Faradic pseudo-capacitance. Figure 4 (e) shows Nyquist curves of different samples (CBC-800, CBC/PANI-T-0.1 and CBC/PANI-P-0.1) at 100 kHz to 0.01 Hz. The curves of the three samples are very similar, and the Nyquist points on the impedance spectrum have a clear frequency change. In the low-frequency region, the impedance spectrum shows a straight line, and the impedance of the high-frequency region exhibits a good semicircular curve. The value of Rs (the axial intercept represents the bulk resistance) for CBC-800 was measured to be approximately 1.22 Ω. However, the values of Rs for CBC/PANI-T-0.1 and CBC/PANI-P-0.1 are only 10.77 and 0.85 Ω, consistent with lower bulk resistance. The results of this analysis proved that the presence of PANI can enhance the electrical conductivity of the CBC sample. In addition, the semicircular diameter of the CBC/PANI-P-0.1 sample is larger than that of CBC/PANI-T-0.1, indicating that the charge transfer resistance of the CBC/PANI-T-0.1 sample is lower. At low frequencies, the larger the slope of the line is, the smaller the diffusion impedance is, and the better the capacitance performance is [37] . For the two composites, the oblique line of the sample CBC/PANI-T-0.1 is more inclined to the Y axis, its slope is much larger, and the diffusion impedance of this sample is smaller. In other words, the CBC/PANI-T-0.1 sample exhibits much better capacitance performance. As shown in Figure 5a , the CBC/PANI-T-0.5 sample had the longest discharge time, suggesting that it possesses the highest specific capacitance. Increasing the concentration of the TsOH aqueous solution from 0.1 to 0.5 M led to an increase in the specific capacitance (at 1.0 A/g) from 281.5 to 324.8 F/g (Figure 5b ), owing to the increasing amounts of PANI coated on the CBC nanofibres. The introduction of conductive PANI into the CBC nanofibre enhanced the conductivity, reduced the internet resistance and contributed a large pseudocapacitance due to the oxidation-reduction reaction. However, when the concentration of the TsOH aqueous solution increased to 1.0 M, the microstructure ( Figure S1 ) of the as-prepared CBC/PANI-T-1.0 sample became agglomerated due to the faster polymerization rate of the highly concentrated TsOH aqueous solution, which resulted in a lower specific capacitance (314.2 F/g). In short, the CBC/PANI-T-0.5 electrode exhibited the best capacitive performance. Table 2 shows the comparison of the specific capacitance of the published polyaniline and carbon material electrodes and this study. It is clear that the specific capacitance of CBC/PANI-T-0.5 prepared in this study is similar or higher than those reported in other papers. References GH/SWCNTs/PANI 1 M H2SO4 0.5 A g −1 145.4 [39] MCF/N-CS/PANI To further explore the practical application of the CBC/PANI-T-0.5 electrode in supercapacitor devices, the CBC/PANI-T-0.5 electrode material synthesized herein as a cathode and previously reported N,P-CBC [29] as an anode material were co-assembled into an asymmetric supercapacitor (ASC). N,P-CBC exhibited excellent specific capacitance of 184.6 F/g at 1A/g performance, as shown in Figure 6 . According to the calculation of specific capacitance under the same conditions (voltage window, current density), the optimal active material mass ratio of the assembled asymmetric supercapacitor was m[CBC/PANI-T-0.5] : m[N, P-CBC]=0.57 : 1. Then, the electrochemical properties were tested as follows. The as-fabricated CBC/PANI-T-0.5//N,P-CBC asymmetric supercapacitor demonstrates a typical capacitive behaviour under a voltage range of 0~1.0 V in 1 M H2SO4, as depicted by the CV and GCD curves given in Figure 7a and 7b, respectively. Figure 7a shows that the CV curve of the ASC has an irregular rectangular shape, which occurs because the CBC provides both an electric double layer capacitance and faradaic capacitance based on PANI. The shape of the CV retains the original shape when the scanning rate is increased, implying predominant rate performance and capacitive performance for the ASC device. Moreover, it can be observed that the GCD curves ( Figure 7b ) are an approximate isosceles triangle, which also confirms the ideal reversible capacitive characteristic. Figure 7c shows the specific capacitance of the CBC/PANI-T-0.5//N,P-CBC ASC at a current density of 1 to 5 A/g in a 1 M H2SO4 aqueous solution; the capacitance value was 53.7 F/g at a current density of 1 A/g and maintained 95.1% capacitance (51 F/g), when the current density increased to 5 A/g. The obtained Ragone plot is given in Figure 7d . The CBC/PANI-T-0.5//N,P-CBC ASC device energy density achieved 6.92 Wh/kg at a power density of 483.7 W/kg. The energy density and power density of chestnut shell/PANIprepared supercapacitors are 15.4 Wh/kg and 252 W/kg [44] . The CBC/PANI-T-0.5//N,P-CBC ASCs had good cycle stability and retained 66.61% of their initial capacitance at 5 A/g after 2000 cycles ( Figure  7e ). As shown in Figure 7f , the internal resistance of the device increased after cycling charge and discharge due to expansion and contraction of the PANI skeleton, resulting in a decrease in the specific capacity for the CBC/PANI-T-0.5//N,P-CBC ASC device.
CONCLUSIONS
In summary, nanofibre-like CBC/PANI composites have been successfully synthesized via in situ polymerization with different dopant acids (i.e., H3PO4 and TsOH). The obtained CBC/PANI-T-0.5 composite exhibited a much higher specific capacitance than the CBC-800 nanofibres and CBC/PANI-P-0.1 composite. The specific capacitance of CBC/PANI-T-0.5 reached 324.8 F/g at a current density of 1 A/g. The CBC/PANI-T-0.5 composite with excellent electrochemical characteristics due to the 3D nanofibre network structure of CBC nanofibres and the synergistic effect of CBC and PANI together resulted in a high capacitance effect. The introduction of conductive PANI into the CBC nanofibres enhanced the conductivity and contributed a large pseudo-capacitance due to the oxidation-reduction reaction. The as-assembled CBC/PANI-T-0.5//N,P-CBC asymmetric supercapacitor showed good capacitance, great rate performance and good long-term cycling performance. These results distinctly demonstrate that the CBC/PANI-T composite is an effective electrode material candidate in the application of energy storage devices.
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SUPPORTING INFORMATION
Equations:
The specific capacitance value of these electrodes was calculated by the following equation:
where C is the specific capacitance (F/g), I/m is the current density (A/g), Δt is the discharge time (s), and V is the potential (V). Electrochemical Measurements of the Asymmetric Supercapacitors: The asymmetric supercapacitor (ASC) was fabricated by using CBC/PANI-T composite as the positive electrode material and N,P-CBC nanofibre as the negative electrode material. The mass ratio of CBC/PANI-T composite to N,P-CBC nanofibre was determined to be 0.57 using the following equation (2): where m is the loading mass of the electrode (g), C is the specific capacitance (F/g), and V is the potential (V). where E is the energy density (Wh/kg), C is the specific capacitance (F/g), ΔU is the potential (V), P is the power density (W/kg), and Δt is the discharge time (s). 
